Optical emission, shock-induced opacity, temperatures, and melting of Gd3Ga5O12 single crystals shockcompressed from 41 to 290 GPa J. Appl. Phys. 118, 055903 (2015) Refractive indices of [111] Gd 3 Ga 5 O 12 single crystals under shock compression are investigated with planar impact and high-speed laser velocimetry, in the pressure range of 100-290 GPa. The refractive index, n, at 1550 nm is obtained as a function of shock pressure or density (q). n increases as pressure increases from 106 GPa to 201 GPa, and then drops sharply as a result of shock-induced melting; the n À q relation is linear for the high pressure solid phase. We also establish the true particle velocity-apparent velocity relation for velocity correction. V C 2015 AIP Publishing LLC.
Refractive indices of Gd 3 Ga 5 O 12 single crystals under shock compression to 100-290 GPa
I. INTRODUCTION
At room temperature and pressure, Gd 3 Ga 5 O 12 (GGG) is a strong insulator with a garnet structure, and has a high density (7.1 g cm
À3
). GGG is less compressible than sapphire at virtually all pressures, or than diamond above 170 GPa upon shock compression. 1 GGG bears the potential to be a high-impedance optical window useful for high pressure shock wave experiments. In this regard, it is highly desirable to characterize the optical properties of GGG under shock compression to above 100 GPa.
Previous studies investigated pressure-density and pressure-temperature curves of GGG, as well as its solid-solid and solid-liquid phase transitions, under both shock and static compression conditions. [1] [2] [3] [4] However, refractive indices of GGG under shock compression or at high pressures in general are not available in literature. Here, we report refractive indices (n) of GGG as a function of pressure (P) and density (q) under shock compression to 100-300 GPa, along with particle velocity corrections, based on high-speed laser interferometry measurements. With increasing shock pressure, n increases and then decreases rapidly, consistent with shock-induced melting in the Mbar regime, and n also increases in the liquid regime.
II. EXPERIMENTAL
Pure, colorless, [111] GGG single crystal disks of a 30-mm diameter and 5-mm thickness are polished to an optical finish for gas gun planar impact experiments. Acoustic and mechanical properties at room pressure and temperature were reported previously. 5 The flyer plates (impactors), 4-5 mm thick and 29 mm in diameter, are disk-shaped and made of different metals including stainless steel, oxygenfree copper, tantalum, and tungsten alloy, to achieve different pressures.
Shock wave experiments are performed on a 30-mm bore two-stage gas gun. A schematic of the experimental setup is shown in Fig. 1(a) . To suppress flash from a direct impact, a thin metallic driver plate (Cu or stainless steel) is used, which is optically polished to a mirror finish better than 0.5 lm. The driver plate and sample are press-bonded together in a gig, and glued to a sample box with epoxy. Newton's rings appear at the driver plate-GGG interface [ Fig. 1(b) ], indicating that the interface gap is on a lm level. The sample box is then evacuated and then sealed for impact loading in a vacuum chamber. The materials used for flyer plates and driver plates are specified in Table I .
The flyer plate speed (w) prior to impact is measured within 0.5-1% with a magnetic velocimetry system. Movement of the driver plate/GGG interface and free surface velocity are monitored by a Doppler pin system (DPS). 6 A single-mode optical fiber is used as the DPS probe and mounted 2 mm away from the free surface to illuminate the target with a 1550-nm fiber laser, and collects reflected light. Superposition of the Doppler-shifted light (reflected from a moving interface or surface) with the unshifted reference light reflected from a static surface (unperturbed GGG free surface or fiber end surface) creates an interference pattern, whose beat frequency is proportional to corresponding particle velocity. All optical signals are relayed to fast infrared photoelectric detectors and recorded by a high-bandwidth digitizer data acquisition system, and reduced via short-time Fourier transform (STFT) to extract frequency (f) information. An instantaneous velocity equals kf =2, where k is the wavelength of the probe laser. Examples of raw and reduced DPS data are shown in Fig. 2 .
The transit time for a shock traversing a GGG sample is obtained as t 1 À t 0 (Fig. 2) , thus allowing for the determination of shock velocity D. Given D and w, as well as known Hugoniot relations for the flyer plates, the true particle velocity u in shocked GGG is calculated with the impedance match method. More details can be found in Ref. 7 . The corresponding apparent particle velocity, u a , directly measured with DPS at the driver plate-sample interface, is not equivalent to the true particle velocity since a correction for the refractive index effect is necessary, and measurements of n at shock states are required to this end.
We discuss below the relationship between u a , u, D, and shock-state refractive index (also denoted as n). 8 In the coordinate system defined in Fig. 1(a) , x 1 is the position of shock front, and x 2 that of the driver plate-sample interface. n 0 and n are the refractive indices prior to and behind the shock front, respectively.
The optical path length, L, defined between the sample free surface (the point of observation, x ¼ 0) and the driver plate-sample interface (or simply, the interface, at x 2 ), is
In the extreme case of a vacuum window with n ¼ 1, L ¼ Àx 2 , and _ L ¼ À _ x 2 ¼ Àu ¼ Àu a , since no correction for the refractive index is required. Here the accent "Á" denotes d=dt. In general,
During shock propagation in the transparent sample or "window," the optical path length is composed of contributions from the shocked and unshocked regions [ Fig. 1(a) ], i.e.,
Differentiating the above equation with respect to t yields
where
For GGG, n 0 ¼ 1:935 at 1550 nm. 9 Thus, we can obtain shock-state refractive indices from u a and D directly measured from velocity histories, and u calculated via impedance match.
III. RESULTS AND DISCUSSION
A total of thirteen shots with DPS measurements are completed in the pressure range of 106 to 288 GPa, including previous experiments intended for Hugoniot measurements. 10 At the low shock pressure end, a typical DPS fringe pattern is shown for shot G32 [129 GPa, Fig. 2(a) ]. The signalto-noise ratio is high for the DPS fringes during the whole compression period between shock entrance into the sample (2) 9.60(1) 288 8.32(13) 1.906(11) (t 0 ) and its exit at the free surface (t 1 , and later), indicative of excellent optical transparency in shocked GGG under such experimental conditions. We thus use conventional STFT to extract velocity information [ Fig. 2(b) ]. The velocity rises sharply upon impact to a steady plateau sustained until t 1 , and the shock-state apparent particle velocity is u a ¼ 3:82 km/s. Another plateau for free surface movement is also evident after shock breakout at t 1 . Using temporal information on these curves along with the initial sample thickness, shock wave velocity is determined as D ¼ 7.29 km/s. The true particle velocity u in GGG is 2.47 km/s obtained from the impact velocity and shock velocity via the impedancematch method. Shock pressure is computed to be 129 GPa from the Rankine-Hugoniot jump condition. The refractive index at this pressure calculated with Eq. (5) follows as n ¼ 2.134.
At higher shock pressures (174-288 GPa), the signal amplitude drops rapidly upon shock entrance, and the duration of identifiable fringes lasts only a few ns, likely caused by a drastic loss of optical transparency at such pressures. A typical fringe pattern is shown in Figs. 2(c) and 2(d) for shot G23 (203 GPa). The increase in signal amplitude upon shock exit at the free surface corroborates the transparency loss in the shocked sample. Given the high sampling rate and high bandwidth of the recording system used, ten fringes are still observed exactly after impact ($1.4 ns). These fringes are analyzed via STFT with a gliding window width of 1.25 ns, and an apparent velocity 6.40 km/s is deduced. The fringes are also fitted with a trigonometric function, and we obtain f ¼ 8:2060:06 GHz [ Fig. 2(c) ], corresponding to u a ¼ 6:3660:05 km/s in agreement with the STFT result. Given apparent particle velocities obtained in this way, the refractive indices of shocked GGG at high pressures are obtained. Note that such fringes are not from the reverberations between the driver plate and sample given their absence at lower pressures.
The experimental results are summarized in Table I and illustrated in Fig. 3 . Figure 3(a) shows the u À u a plot, which can be used for velocity correction in shock experiments on GGG. For continuous u, there is a discontinuity in u a , which is caused by the sharp decrease in n with increasing density or pressure, as manifested by Figs. 3(b) and 3(c) . The two segments are fitted with polynomials: u ¼ À0:82 þ 0:87u a ; for 3 < u a < 4:6 km=s; (6) and u ¼ 8:45 À 1:70u a þ 0:14u 2 a ; for u > 6:3 km=s: (7) Equation (6) refers to the high-pressure solid phase, and Equation (7), both mixed and liquid phases for the sake of convenience. (See below for a discussion of phases.)
As shock pressure increases from 106 GPa to 201 GPa, n increases linearly from 2.105 to 2.279. At a pressure of 203 GPa, n drops rapidly from 2.279 to 1.962. Previous Hugoniot measurements including shock temperature 10 [ Fig. 3(d) ] suggest that during shock compression, GGG is stable in its high-pressure solid phase (HPP) in the pressure range of 106-201 GPa; incipient and complete melting occur around 203 GPa and 225 GPa, respectively, and the pressure range of 203-225 GPa is the solid-liquid mixed phase (MP) regime. Hence, the discontinuities in the u À u a ; n À q, and u À P curves are attributed to shock-induced melting. In the liquid GGG regime (>225 GPa), n also increases with pressure, but its magnitude is significantly lower than that in HPP. There appears to be a wide mixedphase regime as identified from refractive index measurements (203-225 GPa), and n decreases slowly as the melting fraction increases, agreeing to the melting from GGG in HPP with higher n to GGG in LP with lower n. For HPP, nðqÞ can be described with a linear function n ¼ n r þ kðq À q r Þ, where subscript r refers to the reference state at the onset of HPP melting at 201 GPa, i.e., n r ¼ 2:25; q r ¼ 11:75 g/cm 3 , and subsequently, k ¼ 0.216. This linear form is consistent with the Gladstone-Dale relation.
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IV. CONCLUSION
We have investigated refractive indices of [111] Gd 3 Ga 5 O 12 single crystals under shock compression at 106-288 GPa. The refractive index at 1550 nm is obtained as a function of shock pressure or density, which increases as pressure increases from 106 GPa to 201 GPa, and then drops sharply as a result of shock-induced melting. The n À q relation is linear for the high pressure solid phase. The particle velocity correction, i.e., the true particle velocity-apparent velocity relation, is also obtained.
